Ghana, like many African countries, is currently facing power supply shortage, which has led to load shedding. To minimize the impact of the power crisis, options such as diesel and petrol generators, grid-charged battery-inverter systems (GBIS), and solar PV with battery storage (SPVS) have been used in residential and nonresidential contexts. In this paper, we develop analytical models to conduct a technical and economic comparison of GBIS and SPVS systems. Using average electricity tariff of $0.186 for residential sector (excluding lifeline customers) we show that although initial cost of SPVS is higher, it costs 30% less than GBIS. We also show that losses associated with the GBIS are as high as 42% when viewed from a systems perspective and that some of its costs are externalized. We conclude by commending the Ghana Government's initiative of rolling out 200,000 residential rooftop solar systems and recommend an increase in system capacities as well as a similar programme for nonresidential facilities.
Background
In 2012, Ghana began shedding load because of power supply deficit. The immediate cause of the load shedding was the rapture in August 2012 of portions of the West African Gas Pipeline by the anchor of a ship in Togo [1] [2] [3] [4] [5] . The West African Gas Pipeline is a 678 km pipeline that transports gas from Escravos-Lagos in Nigeria to Benin, Togo, and terminates at Takoradi in Ghana (Figure 1 ), and it is designed to transport 800 MMscfd of natural gas [5] [6] [7] . The rapture resulted in 300 MW of natural gas based generation being lost [8] and although the pipeline was repaired by end of July 2013, other domestic and external factors kept Ghana's power generation significantly below system demand and in 2015 up to 600 MW of load was being shed [4, 6, [9] [10] [11] .
The history of Ghana's power sector shows that the country has experienced generation deficits at various points notably 1983, 1997, 2003/4 , and 2006/07 [6, 12, 13] , yet the crisis which began in 2012 stands out as the most protracted. To manage the situation, the electricity distribution utility company, the Electricity Company of Ghana (ECG), liaising with the transmission system operator (TSO) and power generation companies published a load-shedding programme, which seeks to keep National Interconnected Transmission System (NITS) stable and balanced. By February 2015, the load-shedding duration for various distribution zones was officially for periods of up to 12 hours [14] (Figure 2 ), though nonadherence to the schedule had been reported. The power supply situation has registered some improvement in 2016 due inter alia to additional capacity that was brought on board in 2015 [15] .
Due to unreliable power supply (and load-shedding situation), electricity consumers-residential, nonresidential, and so forth-are forced to consider alternatives to meet their electricity needs. Some of the options include dieseland petrol-fuelled generators, grid-charged battery-inverter systems (GBIS), and solar PV with battery storage (SPVS). In the GBIS configuration, a battery bank is charged when the grid is on, and when it goes off, the battery, through the inverter, supplies power to designated equipment as shown schematically in Figure 3 . Also, in response to the power crisis, the Government of Ghana in 2015 announced plans to roll out 200,000 rooftop solar systems with the aim of saving 200 MW of power from the national grid [9, 15] . In January 2016, the Energy Commission of Ghana announced details of the initiative [17] . The National Rooftop Solar Programme, as it is called, offers up to 500 W of solar modules for residential buildings that meet the following criteria [17] : beneficiary must (i) change all lamps in their facility to LED lamps;
(ii) be willing to purchase BoS (Balance of System) components;
(iii) agree that the installation of the BoS will be done before the supply/installation of the solar PV panels from the programme; (iv) install only deep cycle batteries designed for solar PV systems; (v) ensure that BoS meet the minimum standards set by Ghana Standards Authority (GSA); (vi) use only solar PV installers licensed by the Energy Commission for all the installation works.
The main objective of this work is to examine the economic performance of GBIS system. In order to achieve
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Load, E Load Figure 3 : Schematic of a grid-charged battery-inverter system. this objective, in this paper, we developed analytical models for the technical and economic aspects of GBIS and SPVS and conduct a comparative assessment of the two end-user solutions to unstable grid power supply. Our analyses show that, for households consuming up to 600 kWh per month, although the SPVS requires a higher initial cost, it is over 30% cheaper on a life cycle cost when compared with the GBIS. The information presented in this study can help electricity users in Ghana to make an informed decision on which of the two systems analysed in this is more economically viable to meet their need. Table 1 shows the summary of key parameters and definitions used in modelling the two systems considered in this study. The modelling equations for the GBIS are derived in Section 2.1 while SPVS are presented in Section 2.2.
Method and Materials

Battery-Grid Model
Energy Flows.
In a given time duration, the total energy consumed by the load ( Load ) would be the sum of the energy supplied directly by the grid ( Load Grid ) and the energy supplied through the battery-inverter system ( Batt Out ) and it is given as
Energies consumed by load through inverter-battery system and the grid system in a given year are given, respectively, as
where is the annual grid downtimes, as proportion (%) of total yearly hours of 8760 hours; is the proportion of regular load (%) that is powered by the battery-inverter system when grid is off; and is the average annual power demand (kW) and is estimated as
where Grid Pre is the total annual energy requirement in kWh from grid (preinstallation), that is, if the entire load was supplied by electricity from the grid. The total amount of electricity taken from grid in year is written as
where Batt In is the annual energy input (kWh) to battery system in year . Batt In is related to the output of the batteryinverter subsystem ( Batt Out ) by
where Conv (%) is the combined efficiency of power conversion and storage system in year . By incorporating (2), the preceding equation (6) may be rewritten as
Efficiency of power conversion and storage system in year may be expressed as
where Batt and Inv are the efficiencies (%) of battery and inverter-charging subsystems, respectively, in year .
Since the performance of the batteries and inverter-charging systems are not constant throughout the life of the project, the conversion efficiencies in year are computed as
where Batt 1 and Inv 1 are, respectively, the initial efficiencies of the battery and inverter-charging subsystems while
Batt and Inv are, respectively, the annual degradation rate of battery round-trip efficiency and the inverter-charging system efficiency. By combining (8) , (9) , and (10), the overall conversion-storage efficiency in year could be obtained as Journal of Solar Energy where
Equation (5) is rewritten by incorporating (7) and (11a)-(11b). The total annual electricity taken from the grid in year then becomes
.
Upon further simplification, it becomes
] .
The contribution of annual electricity (delivered to load) which comes from inverter-battery system is
The % increase in grid electricity consumption as a result of the introduction of the battery-inverter system is computed as
Economics.
The economics aspect of this modelling relates to the amount of annual electricity bill paid by the consumers. This amount comprises the cost of electricity supplied directly by the grid and that supplied by the battery. Hence, the annual electricity cost to consumer, Load ($/kWh), is given as
The value of Load Batt is determined as the Levelized Cost of Electricity (LCOE) over the life of GBIS investment. The LCOE is a commonly used metric for assessing the financial and economic viability of energy technologies [18, 19] . Since batteries life ( 1 ) usually lasts shorter than that of inverters ( 2 ), the life of the former, 1 , is chosen as the period for economic assessment, . The Load Batt is then written as 
Battery capacity, Batt , in kWh, is determined as
where DOD is the maximum battery depth of discharge (%) and Aut is the desired days of autonomy which is set to 1 day in this analysis, since the battery is used as backup for grid system. The inverter capacity, Inv , is determined as
The average cost of electricity, which serves as input to the battery-inverter system, is treated as annual operation and maintenance cost (O&M). Table 1 shows the current cost of electricity (tariff) for the residential consumers in Ghana. In addition to the tariffs shown in Table 1 , electricity customers pay additional levies that include Value-Added Tax (VAT), monthly service charge, and other special-purpose levies determined from time to time by government. At discount rate %, for an investment period , the LCOE is finally given as
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and Batt Out is defined in (6) and (7).
PV-Inverter-Battery-Grid Model
Energy Flows.
An alternate configuration involves utility grid with solar PV and battery-inverter subsystems. The schematic of this configuration is shown in Figure 4 . The PV array size (in kW) is estimated as
In this design, is set to 50% as the system is designed to meet half of the average daily load. In the case of the grid-battery system, the system was modelled as requiring an increasing amount of electricity input over the years to yield a constant energy required to service the load and to account for the deteriorating battery-inverter performance each year. The PV-Inverter-Battery system, however, is modelled as having a constant input from PV array and rather a declining output because of declining performance of battery-inverter subsystems. The annual output of the PV array, In PV (in kWh), that is, input to the inverter-battery subsystem, is estimated as
where PSH is the peak sunshine hours and Derate is the derating factor of the PV array. In addition, the output from the inverter-battery subsystem is given as
The inverter capacity, Inv (kW), is estimated as per (20) . The battery capacity remains unchanged and is sized according to (19) .
Economics.
The LCOE of electricity from this configuration is then computed as
The O&M cost is regarded as negligible in comparison with the other terms and is neglected in further analysis. is the salvage value. Since this analysis is being conducted over the life of the battery, comprises the salvage values of the inverter ( Inv ) with useful life of 2 years and the PV array ( PV ) with useful life of 3 years. Inv is determined as shown in (22), and similarly, PV is determined as shown below:
To compute the cost of electricity from PV-Battery system, (21) is modified to incorporate the additional cost of PV modules.
Model Input Parameters.
Input parameters for the models developed are summarized in Table 2 with brief remarks as needed. With these parameters, the technical and economic performances of the GBIS and SPVS are carried out.
Results and Discussion
In this section, results of the analysis based on the analytical expressions derived in Sections 2.1 and 2.2 as well as input parameters presented in Section 2.3 are presented and discussed. The grid-battery-inverters system (GBIS) is presented in Section 3.1 while that of SPVS is presented in Section 3.2.
Grid-Battery-Inverter System (GBIS)
Technical Analysis.
A reference scenario is defined as per Table 2 and entails grid-charged battery-inverter system designed to meet 50% ( = 50%) of the load of a residential electricity customer consuming 600 kWh per month (annual consumption of 7200 kWh) and annual grid outage hours of 50% ( = 50%). Under these assumptions, on annual bases, the load will consume 5400 kWh of electricity annually, that is, 3600 kWh directly from the grid and 1800 kWh through the battery system. Figure 5 presents energy through the battery-inverter subsystem and evolution of the conversion efficiencies over economic life of the battery (5 years).
The results show, in Figure 4 , that conversion efficiencies of the battery and inverter-charger system decrease from 85% and 90%, respectively, in year 1 to 81.7% and 86.5% in year 5, thus resulting in subsystem conversion efficiency reducing from 76.5% in year 1 to 70.6% in year 5 (an average of 73.5%). To service a constant annual load of 1800 kWh over the economic life of the battery, the increasing losses due to reduction in the system's efficiency therefore need to be compensated for (half of the annual load (7200 kWh) is 3600 kWh. Since grid outage time, , of 50% is used, this becomes 1800 kWh). Hence, energy input (taken from grid) increases from 2353 kWh in year 1 (of which 23.5% constitute losses) to 2550 kWh in year 5 (of which 29.4% constitute losses), an average of 26.5% conversion loss in the analysis period. It should be mentioned here that the wire losses are neglected in this analysis. Figure 6 shows the energy flows through the battery-inverter system in year 1. The averaged transmission and distribution losses in Ghana over the past 15 years (from 2000 to 2014) are 21.6% of generation [31, 32] . These losses are dominated by losses in the distribution sector. The distribution sector losses, which comprise technical and commercial losses, average 25.7% when considered as percentage of electricity purchased by the distribution utility. Viewed in the context of the National Interconnected System (NIS), the losses associated with the grid-charged battery-inverter systems increase significantly, reaching and surpassing 42%.
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Economic Analysis.
At installed cost of $700/kW for inverter-charging system, battery cost of $250/kWh, grid electricity tariff of $0.186/kWh, and a discount rate of 5% (Table 2) , the LCOE of electricity from the system under consideration as computed with (22) is estimated as 0.73/kWh. The weighted average cost of servicing the load, Load , is $0.37/kWh (17) based on = 33.3% (15) . The total life cycle cost of the system is estimated at $5,491.94 comprising cost of inverter (3.3%), battery (64.1%), and O&M (32.6%) as shown in Figure 7 .
From Figure 7 , it is seen that the cost of the batteries dominates the net present costs followed by the O&M cost. The O&M cost represents the grid electricity tariff that is used to charge the battery bank. In estimating the O&M cost, it is assumed that grid electricity tariff is constant throughout the economic life of the battery-inverter subsystem. The proportion of load that would run on the battery-inverter system, , is determined at the design stage and it determines component sizes. The may, therefore, be considered fixed for the project life. On the other hand, the outage hours, as a percentage of the 8760 hours per year, , could vary significantly. Figure 8 shows the variation of , its effect on LCOE, and the weighted average cost of electricity, Load .
It is seen that the cost of electricity from the inverterbattery system approaches a minimum of $0.49/kWh as the outage hours reach 100%, implying that 50% of the regular load is powered all year round and entirely by the inverter-battery system, thereby making maximal use of investment already made. At this point, the weighted average cost of electricity, Load , also reaches a maximum value of $0.49/kWh. As the outage hours approach zero ( = 0%), the servicing of the load is accomplished predominantly by grid-supplied electricity and the weighted cost of electricity, Load , approaches its minimum of $0.30/kWh (determined by solving the regression equation). On the other hand, the cost of electricity from the inverter-battery system (LCOE) asymptotically approaches the vertical axis and increases exponentially as the denominator in (21) approaches zero.
To enable comparison with the PV-Battery system, which is designed to power half of the user's load for the year, sensitivity analysis on the grid-battery system is run at = 50% and = 100%. Since the battery cost dominates the LCC (see Figure 6 ), a sensitivity of the LCOE to battery cost, ranging from a low of $150/kWh to a high of $350/kWh, is run and presented in Figure 9 . At battery cost of $150/kWh, the LCOE (cost of electricity through the battery system) is $0.40/kWh and the batteries constitute 85.5% of initial cost and 34.9% of life cycle cost. The LCOE increases to $0.58/kWh at battery cost of $350/kWh, where battery cost makes up 93.2% and 55.6% of initial cost and life cycle cost, respectively.
As utility tariffs constitute the main source of O&M cost, the effect of increasing utility tariffs on LCOE of electricity from grid-battery configuration is analysed by running (21) with electricity tariffs ranging from $0.16/kWh to $0.30/kWh. This range is selected to reflect prevailing tariff in Ghana for the residential category of electricity consumers. Figure 10 shows the relationship between discount rate (5-10%), utility tariffs, and the LCOE. The LCOE increases from $0.45/kWh-$0.49/kWh (at $0.16/kWh grid electricity price) to $0.65/kWh-$0.68/kWh at electricity price of $0.30/kWh. It should be noted that the LCOE of the GBIS will be higher if tariff increases and VAT and other charges are incorporated. Table 2 , the size of the array needed to meet half of the annual load of 3600 kWh is estimated as 3.58 kW. The inverter capacity is similarly determined from (26) as 0.51 kW. The average 
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Typical values for Ghana [29] annual demand is 820 W (determined by (4)) and half of this (410 W) is expected to be powered by the solar PV system. The inverter is sized to handle 125% of this load. The annual input to the inverter-battery system from the PV array (as determined by (24)) and the yearly output from the inverterbattery system after conversion losses (determined by (25)) are shown in Figure 11 . As a result of deterioration in the performance of the battery-inverter subsystem, conversion losses lead to decline in output to load, from year 1 (3600 kWh) to year 5 (3322 kWh). Again, the wire losses are neglected in this analysis. Figure 12 shows the energy flows through the SPVS in year 1. 
Economics Analysis.
The LCOE of the PV-BatteryInverter subsystem is obtained using (27) and data presented in Table 2 ( = 50%, Mod Cost = $2000/kW, = 5%, etc.) as $0.34/kWh and a weighted cost of electricity $0.26/kWh. This compares favourably with the grid-battery-inverter system meeting 50% of regular load at = 100%, where LCOE = Load = $0.49/kWh. As shown in Figure 13 , the cost structure of the PV-Battery option is dominated by the cost of solar PV modules (almost 65%) when considered in terms of initial $150/kWh, and reaches 39.6% and 75.4% at battery cost of $350/kWh. Under the National Rooftop Solar Programme of Ghana, capital subsidy is granted on solar modules to qualified residential applicants (and in the form of free solar modules). Figure 15 shows the effect that such an intervention (or similar) could have on the cost of electricity from the SPVS. It is seen that the LCOE declines from $0.34/kWh under conditions of no support (0% subsidy) to $0.25/kWh when 100% support is provided on the cost of modules. Similarly, the average cost of electricity supply to loads declines from $0.26/kWh to $0.22/kWh. Solar irradiance varies across the country. As a tropical country, Ghana has abundant solar energy resources. The annual daily averaged global solar irradiation ranges from 3.1 kWh/m 2 along the coastal region to 6.5 kWh/m 2 in the northern region. The effect of this variation on LCOE and weighted average cost Load is shown in Figure 16 . The LCOE declines from $0.34/kWh to $0.31/kWh as the irradiance increases from 4.5 hours of peak sunshine to 6.5 hours. Load similarly decreases slightly from $0.26/kWh to $0.25/kWh. Hence, this system will be more economically viable in the northern region of Ghana.
Conclusions
In this paper, we have assessed the technical and economic issues involved in the use of grid-charged batteryinverter system as end-user solutions to load-shedding and unreliable electricity supply as pertaining to Ghana and many other African countries. The assessment is done for a typical home that consumes an average of 600 kWh a month (7200 kWh p.a.), representing the highest band of the residential category and who wish to serve 50% of load when grid is down. The grid outage duration ( ) is considered to be up to 12 hours a day (i.e., = 50%) based on loadshedding schedule published by the Electricity Company of Ghana in 2015. is itself a varying quantity and the LCOE model is run for different scenarios of , that is, when grid goes off completely ( = 100%) and as the grid becomes more stable (as approaches 0). This configuration (the gridcharged battery-inverter system, GBIS) has been compared with an alternative approach that uses solar PV with storage (SPVS) facility and designed to meet half (50%) of the user's regular load.
(i) The battery-inverter subsystem conversion efficiency averages 73.5% over the analysis period, implying an average loss of 26.5% of electricity drawn from the grid. When considered in the light of transmission and distribution losses in Ghana (which average 21.6%), the figure rises beyond 40% of electricity generated, clearly showing the extent of dissipation of electricity that these systems bring about.
(ii) The results show an LCOE of $0.73/kWh for electricity supplied through the grid-battery system in the reference scenario ( = 50%, = 50%) decreases to $0.49/kWh when the system is utilized at maximum capacity (meeting 50% of load all year round). The weighted average cost of servicing the load, Load , is $0.37/kWh in the reference scenario and increases to $0.49/kWh at = 100%.
(iii) As outage hours approach zero (asymptotically), LCOE of grid-battery electricity starts to increase exponentially (reaching $24/kWh at = 1% and $237.77/kWh at = 0.1%). At this point, the weighted cost Load reaches a minimum of $0.30/kWh. As the grid becomes stable, the inverter-battery system risks becoming a stranded asset. It should be noted that, considering the significant T&D losses incurred in the National Interconnected System (NIS) in delivering a unit of electricity to the consumer, significant cost in this configuration is likely to be externalized, including emissions cost. (v) This makes the PV-Battery system 30% cheaper when compared with the configuration, which draws electricity from the grid to charge batteries. As peak sunshine hours increase to 6.5 hours, pertaining to the northern parts of Ghana, the LCOE and Load decrease from $0.34/kWh and $0.26/kWh, respectively, to $0.31/kWh and $0.25/kWh, making the cost of solar PV-based system about 37% cheaper at this point. The cost advantage of PV-based option against the grid-based system is strengthened further if tariff increases are taken into account.
It should be noted, however, that, in spite of the cost advantage of the solar PV option, it requires significantly higher initial investment cost compared with the grid-charged batteryinverter option. The National Rooftop Solar Programme in Ghana is therefore one of the initiatives that could lower such barriers. Batteries, inverters, and PV modules come in discrete capacities and not a continuum of capacities as assumed in the models. In practical design considerations, available capacities that most closely match the user's needs are selected for installation. 
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